The main complexity in hyperthermia is generating and controlling the temperature distribution within tumor cells without damaging the normal tissue. Superparamagnetic iron oxide nanoparticles ͑SPIONs͒ with a diameter of 11 nm were prepared by controlled coprecipitation and coated with oleic acid to prevent agglomeration and flocculation in the solvent. In situ monitoring of the temperature increment was performed to interpret the microwave absorption rate of the SPION dispersed in appropriate host media ͑polar or nonpolar solvents͒ during microwave irradiation. This approach allowed for the prediction of heating mechanisms as a result of the excitation of unpaired electrons of iron, effects of coating agents, particle size, and volume fraction ͑͒. The conversion efficiency from microwave irradiation to thermal energy was predicted by applying the conservation of energy to a differential volume. The rates of heat loss and energy absorption were obtained by nonlinear fitting of the experimental data.
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I. INTRODUCTION
Currently, hyperthermia is an experimental treatment that is usually applied to late stage cancer patients. Heating methods of the entire body heating include using hot wax, hot air, hot water suits, infrared, radiofrequency ͑rf͒, microwave, ultrasound, hot blood, and blood perfusion. Experimental and clinical reports indicate that these methods have promising potential for hyperthermia treatment; however, the main problem is generating and controlling heat in tumors and normal tissue. The effective temperature range for hyperthermia treatment is 42.5-44°C. Normal cells are damaged at temperatures higher than 44°C. Several reasons for limited temperature rise in tumor tissue have been suggested. Mainly, the difference in blood flow in normal tissue gives rise to temperature gradients between the tumor and surrounding normal tissue during the hyperthermia treatment. Secondly, tumor cells are sensitive to heat due to their hypoxic, acidic, and poor nutritional states. During the hyperthermia treatment, the heating also elevates the membrane permeability of some drugs, which has led hyperthermia to be used in combination with chemotherapy. 
II. EXPERIMENT
All of the chemicals used were of reagent grade and used without further purifications. Ferric chloride hexahydrate, ferrous chloride tetrahydrate, oleic acid, cyclohexane, and toluene were obtained from Aldrich. Sodium hydroxide and hydrochloric acid were obtained from KEBO.
Aqueous dispersions of magnetic nanoparticles were prepared by alkalizing an aqueous mixture of ferric and ferrous salts with ammonia at room temperature. 4 A commercially available microwave oven operating at a maximum power level of 800 W was used in this study. Domestic microwave ovens can be operated over the entire power range in alternating cycles, from maximum to zero. 100 mL of cyclohexane/toluene containing magnetite was placed in a Teflon container and inserted into the microwave cavity. All the experiments were performed at a fixed volume ͑100 mL͒ and fixed container position in the cavity.
a͒ Author to whom correspondence should be addressed; electronic mail: dokyung@mit.edu Microwave enhancements were determined by comparing the data sets obtained using similar time steps of microwave irradiation.
III. RESULTS AND DISCUSSION
The physical and chemical properties including composition, phase, particle distribution, and magnetic behavior of SPION in this experiment are published elsewhere. 5 Conservation of energy was applied to analyze the temperature profiles for these experiments considering the liquid sample to be homogeneous and isotropic. The conversion of microwave energy to thermal energy is governed by the relation which is expressed as follows:
where C is the heat capacity per unit volume, is the mass density, T is the temperature ͑°C͒, t is the time ͑s͒, is the Boltzmann constant, and Q is the microwave energy absorption rate ͑J/s͒. Integrating Eq. ͑1͒ yields
͑2͒
where P T represents the total power flowing in or out of volume V. Lasri et al. 6 suggested three separate power sources contribute to P T for microwave sintering of a ceramic that is surrounded by a susceptor; however, a more simplified absorption system was considered for the present experiments. Therefore, the first assumption in which t is the time-averaged microwave power that is absorbed by a given volume ͑͗P mw ͒͘ is taken into account,
where is the angular frequency at an operating frequency of f = 2.45 GHz ͑ =2f͒, Љ is the imaginary part of the dielectric coefficient, d is the material width, k and q are the real and the imaginary parts of the term ͑ / c͒ 1/2 ͑where c is the light velocity͒, and j is the square root of −1. It can be concluded from the equation that thermal energy in the microwave cavity is related to the irradiation frequency f.
Holzwarth et al. 7 used a more simplified energy balance between the glass container and the sample in the microwave cavity. A Teflon container was chosen to avoid hybridheating effects because preliminary experiments performed with a glass container showed that the glass heated more than the sample. Thus, the energy equation was modified for a Teflon container as
where Q is the microwave energy absorption rate ͑J/s͒, S is the surface area of the container exposed to microwave irradiation ͑m 2 ͒, k is the heat-transfer coefficient ͑J/m 2°C s͒, T is the temperature of the sample ͑°C͒, T 0 is the initial tem- Integration factor e Bt is multiplied on both sides to yield exp͑Bt͒ dT
͑6͒
Both sides of Eq. ͑6͒ are integrated from 0 to t resulting in
Therefore, the solution of Eq. ͑4͒ is expressed as
In Eq. ͑8͒, A͑°C/s͒ and B͑s −1 ͒ denote the rates of energy absorption and heat loss for the microwave-irradiated system. Values of these parameters were obtained for variously heated samples by nonlinear fitting Eq. ͑8͒ to obtain the experimental results.
Digital data were recorded every ms with a dataacquisition system that allows the data to be best fitted using Eq. ͑8͒. Data fitting was performed with a common fitted value for B ͑so that the heat-transfer coefficient is the same for all experiments͒, allowing A to take different values for each run. The microwave absorption rates for polar and nonpolar solvents are significantly different. Polar molecules easily couple with microwaves and produce heat rapidly; however, nonpolar molecules cannot couple with microwaves. Usually, the heat generation in the microwave field is caused by ionic polarization and dipole rotation of solvent molecules. Consequently, the polarity index ͑P͒ of the solvent is an important factor for the microwave absorption rate. Figure 1 shows the temperature profile as a function of microwave irradiation time for water and cyclohexane without SPION. The values of heat loss B obtained from the fitting procedure are 0.012 47 s −1 ͑±0.0005% ͒ for water and 0.017 69 s −1 ͑±0.0004% ͒ for cyclohexane. From this result, heat loss from the container to the surroundings is unique for both cases. The microwave absorption rates A for water ͑P = 10.2͒ and cyclohexane ͑P = 0.2͒ in a Teflon container were 1.55°C s −1 ͑±0.042 98% ͒ and 0.833°C s −1 ͑±0.020 48% ͒, respectively. The microwave absorption rate of water is approximately twice as fast as cyclohexane. Figure 2 presents the temperature profiles as a function of microwave irradiation time for water and magnetite colloids in toluene ͑P = 2.4͒ containing different concentrations of magnetite particles with a diameter of 11 nm. The unpaired electrons ͑Fe 2+ , Fe 3+ ͒ are excited to a high-energy state by the absorption of microwaves. The excited electron changes its direction of spin and relaxes into the ground state by emitting phonons. Coupling between the magnetic dipoles and microwave fields converts the radiation energy to heat. 8 The SPION coupled with the microwaves and increased the friction between the particle and molecule. When the concentration of the SPION is increased in the solvent, the friction between the particle and polar solvent also increased resulting in the linearly increasing microwave absorption rates shown in Fig. 3 .
IV. CONCLUSIONS
Microwave absorption energy rates and the heat loss of surface-modified SPION in solvent have been calculated by nonlinear data fitting using an energy balance equation. The microwave absorption rate of SPION dispersed in solvents significantly improved since the friction force between the particle and polar solvent also increased. This monitoring method and data interpretation technique can provide a guide in the field of clinical hyperthermia, specifically in predicting the dosage, in requiring electromagnetic-field properties, exposing time, etc.
